Unraveling how neural networks process and represent sensory information and how this cellular dynamics instructs behavioral output is a main goal in current neuroscience.
INTRODUCTION
Two-photon (2P) excitation fluorescence microscopy (1) is the method of choice for imaging structural and functional dynamics in the intact brain (2) (3) (4) . Addressing the role of genetically identified cell populations in a circuit-specific manner has become possible through the advent and continuous improvement of genetically encoded calcium (Ca 2+ ) indicators (GECIs) (5) (6) (7) . Considerable efforts are being made to enhance the speed, spatial resolution and field-of-view of 2P Ca 2+ imaging, but for a given GECI the user has to trade off gains in one of these parameters against losses in others, unless the number of excitation spots and/or the average laser power per spot are increased.
2P fluorescence excitation requires high instantaneous peak intensities, which has prompted concerns about non-linear photobleaching (8) and photodamage resulting from excited-state absorption restricted to the high-intensity focus (9, 10) . Several studies have established a steep intensity threshold for this non-linear damage. The occurrence of aberrant, P Schmidt & Oheim (2018) biorXiv Heating, not highly non-linear photodamage is limiting at 920 nm 4 light-induced Ca 2+ signals provides a sensitive readout for assessing damage (9) (10) (11) . Average laser powers of the order of tens of mW per excitation spot are generally being considered safe (11) , and up to 250 mW have been reported in multi-spot excitation schemes (12) . How different pulse parameters (pulse length, inter-pulse interval, peak power) affect this damage threshold has remained controversial.
In the current work, we demonstrate an unexpected photodamage that affects physiological astrocytic Ca 2+ signals, occurs upon 920-nm excitation at low mW powers, and involves a linear power dependence. Unbiased automated analysis of Ca 2+ signals revealed a subtle but measurable build-up of spontaneous, microdomain Ca 2+ activity in the fine processes of GCaMP6f-expressing cortical astrocytes under conditions routinely used for 2P brain imaging. Near-infrared (NIR) illumination increased the frequency whilst only slightly affecting the amplitude and cellular volume fraction encompassed by these Ca 2+ transients.
This frequency increase occurred without overt morphological damage. The build-up of aberrant microdomain Ca 2+ signals was followed by Ca 2+ activity in the otherwise silent soma.
Pausing acquisitions reduced light-induced Ca 2+ hyperactivity, indicating its dependence on the total light dose rather the timing with respect to the first image. Longer, less energetic pulses and higher average power (resulting in the same signal) were equally harmful. As pulse stretching did not decrease the photoinduced Ca 2+ signals, as would have been expected for a non-linear damage mechanism, we postulated a linear (heating-mediated) damage process.
Consistent with a one-photon absorption process, continuous-wave 920-nm illumination was equally damaging to small astrocyte processes as were fs pulses.
Our experiments demonstrate that one-rather than two-photon NIR-absorption is limiting in the now popular wavelength band above 900 nm. This has important consequences for imaging fluorescent proteins and functional indicators as well as for studies using optical 
RESULTS

'Spontaneous' astrocyte Ca 2+ signals increase during two-photon recordings
In the barrel cortex of adult mice (P33-P46) sparsely expressing GCaMP6f (13) in a subset of astrocytes ( Fig. 1A and Fig. S1 ), 2-photon imaging at 920 nm revealed a plethora of spontaneous, asynchronous and spatially confined Ca 2+ signals ( Fig. 1 and Supplementary Movie S1). These microdomain Ca 2+ signals occurred in the absence of neuronal stimulation.
They were astrocyte-intrinsic because they persisted when blocking neuronal action potentials with TTX (1 µM) and they were also observed in pure astrocyte culture (data not shown).
We acquired time-lapse image series (at 0.5 Hz) from a single equatorial plane encompassing the soma at diffraction-limited spatial resolution (146 nm/px). Regions of elevated Ca 2+ (Fig 1A, bottom) and their corresponding Ca 2+ transient waveforms ( Fig. 1B, top) were extracted by an unbiased machine-based detection procedure, see Fig. S2 and Online methods. The 'summed activity' trace (showing the cumulative activity in the processes) was dominated by a large number of small Ca 2+ transients and a few large events and was otherwise flat, as expected for a predominantly localized, asynchronous Ca 2+ activity.
Soma showed little, if any, spontaneous activity during the first 4 min of recording. Ca 2+ signals were rare (11.25 ± 1.76 events/min), short-lived (1.90 ± 0.10 s duration), of small amplitude (ΔF/F 0 = 3.02 ± 0.12) and they were confined to tiny sub-regions of individual astrocyte branches (mean area, 9.26 ± 0.52 µm 2 , vs. 3969 ± 302 µm 2 total astrocyte area, i.e., ~0.2% of the surface area; median ± SEM for 8 cells during 4 min recording). Our results are similar to those reported by others (14) (15) (16) (17) .
(figure 1 close to here) Raster plots on which we ordered active regions according to their distance-to-soma showed Ca 2+ transients throughout the neuropil with no obvious localization preference. When we extended the recording duration beyond the initial 4 min, we recognized a first subtle and then increasingly pronounced Ca 2+ hyperactivity in the fine processes, Fig. 2A , top. This hyperactivity is easily detected as a rise of the 'summed activity' trace that measures the cumulative activity within the processes ( Fig. 2A , bottom, grey trace). Somatic Ca 2+ hyperactivity was observed secondary to the photodamage triggered in the cell periphery, ( (figure 2 close to here)
Pulse stretching does not reduce photodamage
For a given fluorophore, microscope and signal, we can reduce photodamage by modifying either the pulse frequency f or duration τ and adjusting the average laser power accordingly (i.e., keeping either f = const. or /τ = const., respectively). Longer pulses will reduce the pulse energy but require higher . However, whether longer pulses are per se better for biological two-photon imaging has been a matter of debate. The outcome depends on whether photobleaching and photodamage increase more or less rapidly with than the signal.
Longer pulses will be neutral if damage processes scale with a power-exponent m ( m ) of two, like 2P-excited fluorescence (9) whereas they will be beneficial if higher-order photodamage (m > 2) dominates (10) . Conversely, longer pulses having a lower peak power and require a higher average power will exacerbate damage processes having a m < 2, e.g., when one-photon absorbers are present (20) or if tissue heating occurs (21) .
We directly compared Ca 2+ transients upon 920-nm excitation with 90-(as before) and
172-fs pulses. 90-fs pulses were obtained by a careful optimization of the excitation optical path and an optimal pre-chirping in a wavelength-and objective-dependent manner so as to attain shortest pulses in the sample plane (see Methods). 172-fs pulses correspond to the standard 'midline' manufacturer tuning of the DeepSee TM pulse compressor at 920 nm.
To our surprise, longer pulses and higher laser power ( was adjusted so that astrocytes had an equal GCaMP6f signal for either pulse length, were of larger amplitude with longer pulses. Our results clearly exclude highly non-linear photodamage as a mechanism for triggering aberrant astrocyte Ca 2+ activity.
(figure 3 close to here)
CW-illumination at 920-nm is as damaging as fs-pulses to the fine processes
How can we explain that longer pulses and higher peak powers are not more damaging? We hypothesized that contrary to common belief, in the 100-fs and 920-nm excitation regime, photodamage is not dominated by highly non-linear processes like excited-state absorption, absorption from the triplet state, or indirect effects that occur via ROS production through mitochondrial two-and three-photon absorption or lipid oxidation, but rather through direct NIR absorption. This is plausible, because both water and lipid absorption increase by more than one order of magnitude between 800 and 900 nm (Fig. S5) , and so does the risk of focal heating (m = 1) (21, 22) . Thus, different from the short wavelengths (700-800 nm) (23) that traditionally have been used for 2P excitation of small chemical indicators, the longer P biorXiv Heating, not highly non-linear photodamage is limiting at 920 nm 9
wavelengths now commonly used for exciting fluorescent proteins and optogenetic activators might well result in significant absorption and heat production. A simple, testable hypothesis for a linear damage process is that depositing the same average power with a continuouswave (CW) 920-nm laser (i.e., no pulsing) should be equally damaging as pulsed illumination with 2P fluorescence excitation. This is what we tested next, after having ascertained the effectiveness of our de-modelocking procedure (see Online methods and Fig. S6A, B) .
We designed a "pump-probe" experiment, in which we first imaged cells during 2 min with 90-fs pulses. We then pursued during 10 min with either pulsed or continuous-wave (CW) illumination (same ). As no fluorescence is excited with CW illumination, we read out the resulting Ca 2+ signals during another 2-min 'probe' period with pulsed excitation. In a third variant (negative control), we shuttered the laser during 10 min to allow the cells to recover, Fig. 4A . For each cell, we graphed raster ( Fig. 4B ) and cumulative-activity plots ( Fig.   4C , E). As before (c.f., Fig. 2, Fig. 3 oscillations, mitochondrial Ca 2+ uptake (24) and release (25) . As the IP 3 R2 is the major, if not only, IP 3 R expressed in astrocytes (26), we took advantage of an IP 3 R2-knock-out (KO) mouse (27) to test if IP 3 R sensitization was involved in mediating somatic damage. As spontaneous Ca 2+ signals persist in the processes in IP 3 R2-KO mice (28) we speculated if imaging-evoked somatic and peripheral Ca 2+ signals could be distinguished through their IP 3 R2-dependence. As before, we ascertained for all experiments equal ( Fig. S6C) and
mean GCaMP6f-fluorescence at the beginning of the recordings (Fig. S6D) . (v), genetic ablation of the major astroglial IP 3 receptor abolished somatic Ca 2+ transients, but it did not affect heat-mediated damage in the fine processes, pointing to different damage mechanisms in the cell body and periphery.
Time
Brain heating as a damage mechanism
Heating was discussed as a possible damage mechanism in non-linear microscopies before the advent of the 2P microscope (29) . Sheppard Our results underpin the importance of thermal damage for two-photon excitation in the biologically important spectral window around 920 nm and call for a necessary degree of caution when designing and interpreting experiments using 2P-brain imaging and photostimulation. Wavelengths >900 nm are now commonly being used for the excitation of fluorescent proteins, genetically encoded Ca 2+ indicators (GECIs) and for the optogenetic activation of opsin-expressing cells. NIR light at these wavelengths is more invasive than often thought, particularly when imaging at high spatio-temporal resolution or when using multiple-spot schemes that increase the power deposit in tissue.
As thermal effects rely on the accumulation and dissipation of energy, they depend on , but also on parameters like the focal spot size, scanning parameters and the pulse frequency and shape. Moreover, the heat deposit will be additive in multi-spot, line-scanning, and holographic illumination schemes, and scanning with high spatial and temporal frequencies will intensify thermal damage. On the other hand, external factors like brain cooling due to a cranial window (33) or perfusion with temperature-controlled ASCF can contribute to equilibrating temperature gradients. At a fixed pulse length, we expect lower pulse repetition rates, shorter pixel dwell times and re-scanning (i.e., temporal averaging on a µs time-scale) (34) to be beneficial. In view of thermal diffusion rates of ~1 µm 2 /µs, scanning schemes in which neighboring pixels are excited in a spatially interspersed manner rather than sequentially will favor the dissipation of locally generated heat. A low overall duty cycle (i.e., recording from multiple, distant and small ROIs rather than from full frames, temporally spacing short bursts of images taken at high frequency (21)) should be beneficial to mitigate build-up of thermal damage.
Random-access scanning (35) (36) (37) will be advantageous for applications where high spatiotemporal sampling is indispensible like imaging dendritic spines, astrocyte processes, or for 2P-STED microscopy.
Our work alerts the biological microscopist to the importance of other damage mechanisms that coexist with localized non-linear photodamage (10, 38) and it also calls for prudence in the ongoing quest for ever-longer wavelength IR-excited and red-shifted probes for deep tissue imaging, because water and lipid absorption (µ a ) continue to increase.
However, tissue scattering (µ s ) is reduced at these wavelengths. Thus, the choice of the optimal fluorophore and excitation wavelength windows will be a trade-off between absorption and tissue scattering (39, 40) . Finally, thermal damage is a particular concern for deep-tissue imaging because compensating for the exponential excitation losses with increasing depth will expose the tissue surface to very high laser powers that -even unfocused -will be harmful due to surface heat generation.
Somatic Ca 2+ signals are a sensitive readout for damage
Although somatic Ca 2+ transients have been used as a proxy for astrocyte activity, ≥ 90% of spontaneous Ca 2+ activity occurs in the cell periphery (14, 17, (41) (42) (43) . We confirm this observation (Figs.1, 2) and find that astrocyte somata are mostly silent under conditions of 2P-images that preserve physiological Ca 2+ signaling. Even when neuronal action potentials were not blocked with TTX, somatic Ca 2+ signals were sparse, making their appearance a sensitive and facile readout for damage, however, heat-induced alterations of microdomain Ca 2+ activity in the cell periphery occurred earlier (Fig.2 ) and were more difficult to spot.
Light-induced somatic Ca 2+ transients in cortical astrocytes depend on IP 3 -mediated mechanisms (Fig.5 ). In the cell periphery with its large membrane-to-cytosol ratio, other mechanisms prevail. Candidates are channels with thermosensitive gating in the physiological temperature range, like TRPV3 (44), STIM-1 (45) , and a number of voltage-gated channels (46) . Temperature variations around 37°C also sensitize TRPV4 channels that are expressed in roughly 1/3 of astrocytes (47) to diverse stimuli triggering channel opening (48) . A different Ca 2+ -influx pathway potentially recruited following NIR illumination and regulated by oxidative stress is TRPM2 (49) . Alternatively, heat-induced pore-formation or lipid rearrangements in the membranes of Ca 2+ stores or the plasma membrane could mediate microdomain Ca 2+ hyperactivity.
Towards even shorter pulses?
Our study illustrates the potential benefit of shorter pulses and lower for 2P-excitation of GCaMP-based indicators at 920 nm and in the 100-fs regime. 90-fs were the minimum we could attain with our laser, microscope, objective and pre-compensation optics, but even shorter pulses might be beneficial (50, 51) . This strategy will eventually be bounded by some shortest tolerable pulse length because the resulting high peak powers will favor non-linear photo-bleaching and -damage pathways . The demonstration that phase-optimized pulses with 28-fs length reduced the bleaching rate of EGFP by a factor of 4 while maintaining the same intensity of the fluorescence signal (52) let us predict that there might be room for a further reduction of NIR-induced damage for brain imaging with even shorter pulses. Right, raster plot of 920-nm light-induced Ca 2+ hyperactivity as in Fig. 2A, but recorded during a 2-min control period (p1; 920 nm, 90 fs, 0.5 Hz). Then, during 10 minutes, three different protocols were applied: (i), the cells were either imaged as in the preceding figures (i.e., same scenario as before) or, (ii), the laser was shuttered and the cells allowed to recover from the previous recording. In a 3 rd variant, (iii), we de-modelocked the laser to expose the cells to continuous-wave (CW) radiation with the same average power as during pulsed excitation (see Online Methods and Fig. S6 ). The respective impact of these different protocols on the astrocytic Ca 2+ activity was read out in another 2-min recording (same parameters as p1). (B) Raster plots illustrate the outcome of the three different protocols. (C) Cumulative Ca 2+ activity traces in the astrocyte processes during p1 and p3. (D)
Statistical analysis of data shown in (C). Activity increases for all conditions between the beginning of p1 (0-60s) and end of p3 (660-720 s; one-sided non-parametric Wilcoxon-Mann-Whitney two-sample rank test). Of note, the Ca 2+ -activity in the processes during p3 is indistinguishable for exposure to pulsed vs. CW light, both of which are significantly higher than with the laser shuttered. All experiments started from initial activity levels during p1.
(n.s. not shown for clarity). (E), Somatic ΔF/F 0 traces for the three scenarios and statistical analysis in (F). For CW illumination, somatic activity is significantly higher in p3 compared to either no or pulsed excitation during p2, respectively. *: P < 0.05, **: P < 0.01, ***: P < 0.005, n.s.: not significant. whereas the KO data during p3 is significantly different from the same period when the laser was shuttered (data from Fig. 4D ), confirming that peripheral Ca 2+ hyperactivity persisted in the absence of the IP 3 -mediated signaling pathways. In contrast, (C), Soma of IP 3 R2 KO astrocytes are silent during the whole recording period in all cells. (D) In fact, somatic activity in IP 3 R2 KO mice is more similar to the WT astrocytes that were only imaged during p1 and p3 with the laser shuttered in between than to those that were exposed to continuous 2PEF
imaging (c.f., Fig. 4F ). *: P < 0.05, **: P < 0.01, ***: P < 0.005, n.s.: not significant.
